Cytosolic sulfotransferases (SULTs) are phase II drug-metabolizing enzymes that catalyze the transfer of a sulfonate group from 3Ј-phosphoadenosine 5Ј-phosphosulfate (PAPS) to molecules possessing phenols, enols, alcohols or amines. Sulfo-conjugation confers greater polarity and water solubility on the parent molecules, thereby facilitating biliary or urinary excretion and detoxification.
The SULTs constitute a multi-gene family. Several subfamilies have been identified based on enzyme purification and molecular cloning studies. [4] [5] [6] Based on the amino acid sequences of the cytosolic SULTs in mammals, two gene families, the phenol SULT (P-ST) family (designated SULT1) and the hydroxysteroid SULT (HS-ST) family (designated SULT2), have been classified. P-ST catalyzes the sulfation of phenolic compounds and catecholamines. The P-ST family consists of four subfamilies, phenol sulfotransferases (SULT1A), dopa/tyrosine (or thyroid hormone) sulfotransferases (SULT1B), hydroxylamine sulfotransferases (SULT1C), and estrogen sulfotransferases (SULT1E). 6) HS-ST (SULT2) catalyzes the sulfonation of hydroxysteroids such as dehydroepiandrosterone (DHEA) and cholesterol.
Recently several new human SULT cDNAs have been cloned from the liver and from extra-hepatic tissues. SULT1B1 cDNA isolated from a human liver cDNA library catalyzed the sulfation of thyroid hormones. 7) SULT1C1 cDNA has been isolated from a human fetal liver-spleen cDNA library and detected in the adult human stomach, kidney, and thyroid, as well as fetal kidney and liver. 8) SULT1C2 has been isolated from a human fetal cDNA library and is expressed in various fetal tissues as well as adult ovary, kidney and spinal cord. 9) SULT2B1 is expressed at high levels in the human placenta, prostate and trachea, 10) while SULT2A1 is expressed in the liver, small intestine adrenal cortex, but not in the placenta or prostate.
11) However, little is known about the physiological function of these extra-hepatic SULT enzymes. To define the molecular basis of human extra-hepatic SULTs in the metabolism of xenobiotics and endogenous compounds, we determined SULT expression in human cell lines established from extra-hepatic tissues.
MATERIALS AND METHODS

Materials We purchased [
35 S]PAPS (82.78 Ci/mmol) from New England Nuclear (NEN) Dupont (Detroit, U.S.A.). Reagents for reverse transcription (RT)-PCR were purchased from Stratagene (California, U.S.A.). Taq polymerase (AmpliTaq Gold) was purchased from Perkin-Elmer (California, U.S.A.). Other reagents were obtained from Wako Chemicals (Tokyo, Japan).
Extra-Hepatic Cell Lines We selected 6 cell lines that were established from extra-hepatic tissues. Caco-2 and BeWo are epithelial-derived cell lines. Caco-2 is a human colon carcinoma cell line that has been altered to acquire the metabolic capacity of intestinal enterocytes, 12) and BeWo is a trophoblastic cell line that was isolated from human placental choriocarcinoma. 13) Trans-cellular transport is frequently studied in these cell lines. The human chronic myelogenous leukemia cell line, K562, and the human promyelocytic leukemia cell line, HL-60, were selected as peripheral blood cell types. NB-1 and GI-1 are neural cells; NB-1 is a bone marrow derived neuroblastoma cell line that produces neurites upon exposure to NGF or dibutyryl cAMP, 14) and GI-1 is a glioma cell line separated from a human gliosarcoma.
Cell Culture All cells were obtained from the RIKEN Cell Bank, Japan. Caco-2 cells were cultured in MEM containing 10% fetal calf serum, 2 mM glutamine, 10 U/ml penicillin, 10 U/ml streptomycin and additional non-essential amino acids. To induce differentiation with 1,25-dihydroxyvitamin D 3 , cells were plated onto permeable filter matrices (Nunc 25-mm culture inserts) and cultured in 6-well plates To explore the physiological roles of sulfotransferases (SULTs) in extra-hepatic tissues, we examined the expression of eight SULT genes by reverse transcription (RT)-PCR in human cell lines that were established from various tissues. Expression levels of SULTs were low in neural cell lines such as NB-1 and GI-1, and high in epithelial cell lines, such as Caco-2 and BeWo. SULT1C2 expression was abundant in all cell types, whereas that of SULT1E1, SULT1B1 or SULT2B1 was restricted to a specific cell type. SULT1C1, which can catalyze the sulfation of N-hydroxy-2-acetylaminofluorene, was expressed in Caco-2, BeWo and KB562. Induction of differentiation did not generally affect SULT expression, although that of SULT1C2 was reduced after differentiation of the neuroblastoma cell line, NB-1, was induced. The profile of SULT expression in the culture cells obtained here gives clues to understanding the physiological roles of SULT enzymes in extra-hepatic tissues or organs.
for 2 weeks. BeWo, NB-1, GI-1, HL-60 and K562 cells were maintained in RPMI1640 medium supplemented with 10% FCS. Cells were cultured in a humidified atmosphere containing 5% CO 2 at 37°C.
RNA Isolation and RT-PCR Cells were harvested and washed with PBS(Ϫ), then total RNA was isolated by guanidinium thiocyanate phenol-chloroform extraction.
15) The first strand of cDNA was synthesized from 10 mg of total RNA using M-MLV reverse transcriptase and oligo(dT) primers according to the manufacturer's protocol (Stratagene). PCR proceeded using the cDNA as a template and Taq DNA polymerase (Perkin-Elmer). Primers for each ST specific are listed in Table 1 . Programmed cycling conditions (35 cycles) consisted of 1 min at 94°C, 2 min at 58°C and 2 min at 72°C. Primers for PCR of b-actin were also shown in Table  1 .
Preparation of Cytosolic Extract of Cultured Cells Attached cells were removed using 0.05% trypsin/0.53 mM EDTA. Cells were washed with PBS(Ϫ), then homogenized in 50 mM Tris-HCl (pH 7.5) containing 250 mM sucrose, 0.1 mM EDTA, 3 mM 2-mercaptoethanol, 0.1 mM phenylmethylsulfonyl fluoride, 5 mg/ml antipain and 5 mg/ml pepstatin. Debris was removed by centrifugation at 3000ϫg for 15 min then the supernatant was centrifuged at 105000ϫg for 60 min. The clear lysate was used for the following studies.
Assay of P-ST Activity P-ST activity in the lysates was determined using [
35 S]PAPS as the sulfate donor according to the procedure of Foldes and Meek 16) with a slight modification. 17, 18) In brief, the reaction mixture (500 ml) consisted of 10 mM phosphate buffer, pH 7.4, 50 mM substrate (2-naphthol or dopamine), 1.0 mM [ 35 S]PAPS (0.1 mCi) and lysates (10-50 mg of proteins). The mixture was incubated at 37°C for 15 min, then the reaction was stopped with 0.1 ml of cold 0.1 M barium acetate. Unconverted [ 35 S]PAPS was precipitated by adding 0.1 ml each of 0.1 M Ba(OH) 2 and of 0.1 M ZnSO 4 and the precipitate was removed by centrifugation at 12000ϫg for 5 min. This precipitation procedure was repeated. The supernatant (300 ml) after the second precipitation was transferred to 3 ml of liquid scintillator and counted.
Induction of Cell Differentiation Caco-2 cells were incubated with 1 mM 1,25-dihydroxyvitamin D 3 (VD 3 ) for 2 weeks and the induction of CYP3A4 expression was monitored as a control. HL-60 differentiation into granulocytic cells was induced by 1.25% (v/v) dimethyl sulfoxide (DMSO), and assayed by nitroblue tetrazolium (NBT) reduction. 19) More than 50% of the cells were NBT-positive after 4 d in culture. The differentiation of K562 towards the erythroid lineage was induced by 30 mM hemin, and 52% of the cells stained positive for benzidine after 4 d in culture. NB-1 cells were induced to grow neurites by 2 mM dibutyryl cAMP. More than 90% of the cells possessed neurites after 5 d of culture.
RESULTS
Expression of Phenol SULTs (SULT1) P-ST catalyzes the sulfation of phenolic compounds and catecholamines. [1] [2] [3] Several human tissues contain two major P-ST forms that differ in their substrate specificity, sensitivity to inhibitors and physical properties despite their sequence homology (92% in amino acid sequences). One is relatively thermostable (TS-PST, SULT1A1 and SUL1A2) and the other is thermolabile (TL-PST, SULT1A3). TS-PST preferentially catalyzes the sulfation of millimolar concentrations of simple phenols, whereas TL-PST catalyzes the sulfation of millimolar concentrations of dopamine. To explore the molecular basis of P-ST function in the extra-hepatic cells, we measured SULT1A gene expression by RT-PCR using the specific primers listed in Table 1 . Figure 1 shows that the two closely related P-ST genes, SULT1A1 (TS-PST) and SULT1A3 (TL-PST), were significantly expressed in Caco-2, BeWo, K562 and HL-60 cells. However, in the neural cells, NB-1 and GI-1, their expression levels were very low. In all a) Numbers in parentheses indicate the nucleotide sequence numbers adopted from the Genbank database. Genbank accession IDs are as follows; SULT1A1 (L10819), SULT1A3 (L19956), SULT1B1 (U95726), SULT1C1 (AF055584), SULT1C2 (AB008164), SULT1E1 (Y11195), SULT2A1 (U08024), SULT2B1 (U92314), b-actin (X00351). cell lines examined, more SULT1A3 than SULT1A1 was expressed.
Fig. 1. Expression of SULT1A1 (TS-PST) and SULT1A3 (TL-PST) mRNAs in the Extra-Hepatic Human Culture Cell Lines
Several new human P-ST cDNAs have been cloned from livers and extra-hepatic tissues. SULT1B1 cDNA was isolated from a human liver cDNA library and found to catalyze the sulfation of thyroid hormones. 7) SULT1C1 cDNA isolated from a human fetal liver-spleen cDNA library is also expressed in the adult stomach, kidney, and thyroid as well as fetal kidney and liver. 8) Another SULT1C subfamily (SULT1C2) isolated from a human fetal lung cDNA library is expressed at higher levels in fetal lung and kidney. 9) Both novel SULT1C cDNAs expressed enzymes that can catalyze the sulfonation of N-hydroxy-2-acetylaminofluorene, which when activated, is carcinogenic in vivo. To characterize these new P-ST molecules, we measured the expression of these novel SULTs in the extra-hepatic cell lines ( Table 2 ). All cell types expressed abundant levels of SULT1C2 mRNA; its expression level was as much as b-actin (data no shown) ( Table  2 ). On the other hand, the expression of SULT1B1 and SULT1C1 were cell specific; SULT1B1 expression was only detected in HL-60 ( Fig. 2A) and low levels of SULT1C1 expression were detected in Caco-2, BeWo and K562 cells (Table 2) .
Estrogen ST (SULT1E1) is another member of the P-ST family and it catalyzes the sulfo-conjugation of estrogens. At least three human SULTs can catalyze the sulfation of estrogens, but only SULT1E1 can sulfate estrogens at nanomolar (physiological) concentrations. 20) SULT1E1 was specifically expressed in Caco-2 cells (Fig. 2B) .
Expression of DHEA-ST (SULT2) Another family of SULT is hydroxysteroid ST (SULT2) (previously referred to as DHEA-ST). DHEA is an important steroid hormone, and its sulfate ester (DHEAS) is a major circulating steroid. DHEA and DHEAS have been regarded as anticancer, antiobesity and anti-diabetic. 21) Moreover, DHEAS is a neurosteroid that can modulate g-aminobutyric acid (GABA) receptor sensitivity. 22) A new human SULT2 gene has been identified and is referred to SULT2B1 because the amino acid sequence was only 48% identical with that of SULT2A1. 10) SULT2A1 is abundantly expressed in the human adrenal cortex, liver, and small intestine, but not in the placenta and prostate, while SULT2B1 is expressed in human placenta, prostate, and trachea. 10) Although SULT2A1 expression was relatively high in the epithelial cells, Caco-2 and BeWo, and was detected in K562 and GI-1 cells at low levels (Table 2) , SULT2B1 expression was only detected in the glioma cell line, GI-1 (Fig. 2C) .
Effects of Cell Differentiation on SULT Expression
Several of the cell lines used in this study can be induced to differentiate into specific cell types by the inducers described in Materials and Methods. To determine whether or not such differentiation influences SULT expression, we measured SULT expression in the induced cells. SULT expression did not apparently change in cells after differentiation, except SULT1C2 expression was reduced in NB-1 cells (Fig. 3) . P-ST Activities Since we observed the relatively high expression of SULT1A1 and SULT1A3 mRNAs in Caco-2, BeWo, HL-60 and K562, we measured P-ST activities in the cell extracts toward a phenolic substrate (2-naphthol) and a monoamine (dopamine). Figure 4 shows that P-ST activities for both substrates were significant in Caco-2 and BeWo, and that HL-60 and K562 contained little or no P-ST activities. The P-ST activity for monoamine was higher than that for simple phenol, corresponding to the results of RT-PCR 1260 Vol. 24, No. 11 Table 2 .
ST Expression Profiles of Human Culture Cells Determined by RT-PCR
Expression levels were shown by symbols (ϩϩϩϾϩϩϾϩϾϩ/ϪϾϪ). The degrees were determined by the cycle numbers of RT-PCR to detect bands (ϩϩϩ, Ͻ30 cycles; ϩϩ, 30-35 cycles; ϩ, Ͼ35 cycles). Ϫ means no amplification by 40 cycles and ϩ/Ϫ means detectable occasionally by 40 cycles depending on the cDNA preparations. * The expression was reduced by induction of differentiation (see text). analyses.
DISCUSSION
To elucidate the functional roles of SULTs in extra-hepatic tissues, we measured SULT expression in the human culture cell lines, that were established from extra-hepatic tissues. The expression of SULT1A1 and SULT1A3 varied in the cultured cells; high in the two epithelial lines, Caco-2 and BeWo, moderate in the peripheral lines, HL-60 and K562, and low in the neural lines, NB-1 and GI-1. So far, no information is available regarding the regulation of human SULT1A gene expression, but levels of P-ST activities might affect detoxification activity towards phenolic drugs, environmental chemicals and food additives. This might be related to the tissue specificity of chemical side-effects. The degree of SULT1A3 (monoamine-sulfating ST) activity in neuronal cells might be an important determinant for catecholamine levels, so that its expression might be regulated strictly in neuronal cells.
SULT1C2 expression was detected in all cell types and slightly reduced in association with differentiation of the neuroblastoma cell line, NB-1, although its physiological meaning is not clear. Sakakibara et al. reported that SULT1C2 is expressed in fetal lung and kidney at higher levels and at lower levels in the fetal heart, adult kidney, ovary, and spinal cord. 9) They also reported that the SULT1C2 enzyme catalyzes carcinogenic N-hydroxy-2-acetylaminofluorene as well as 2-naphthol. High SULT1C2 expression might correlate with the tumor-like properties of the established cell lines. 23) The expression of SULT2B1 was specific to the glioma cell line, GI-1. SULT2B1 catalyzes the sulfation of DHEA, producing DHEA sulfate that modulates GABA receptor sensitivity in the central nervous system. In addition, GI-1 cells expressed SULT2A1, which also catalyzes sulfation of hydroxysteroids. If the specificity reflects the properties of the original tissue, SULT2 enzymes might play important roles in the neurosteroid metabolism in human glial cells. Interestingly, neither of the SULT2 genes was expressed in the neuroblastoma cell line, NB-1.
SULT1E1 was expressed specifically in the colon carcinoma cell line, Caco-2. Although the physiological role of its expression is not clear, the E-ST activity in the gut may inactivate estrogenic environmental chemicals, preventing undesirable gastrointestinal side-effects.
We measured P-ST activities of Caco-2, BeWo, HL-60 and K562 cells toward 2-naphthol and dopamine (Fig. 4) . Although RT-PCR analyses showed different levels of transcripts for SULT1A1 and SULT1A3 in these cell lines (Fig.  1) , the difference could not explain the difference of P-ST activities among the cell lines. Especially, HL-60 and K562 cells exhibited very low P-ST activities for both substrates (Fig. 4) . One possible explanation is that rapid post-translational degradation of the enzymes occurs within these cells, however, further precise study must be carried out.
During the preparation of this manuscript, Dooley et al. reported profiling the expression of SULT genes in human epithelial tissues and in cultured cells. 24) Our results and theirs differ in several aspects, but this may be attributed to cell sources. We used cultured cells whereas they used human tissues, which comprise many cell types such as epithelial and peripheral cells. The results reported here will help us understanding the physiological roles of SULTs in the extra-hepatic tissues, and might provide information concerning the tissue specificity of SULT expression as previously reported in the case of Caco-2 cells. 25) Furthermore, several cell lines might become substitutions for the original human tissues for the study of xenobiotic metabolism in future such as Caco-2 cells, which are used for a model for intestinal enterocytes. 
